The presented method allows achieving maximum overshoot and specified settling time of the closed-loop step response. It provides a simple way to control linear stable SISO systems even if the mathematical model is unknown. Tuning rule parameters are based on one suitably chosen point of the plant frequency response obtained by sine-wave signal with specified excitation frequency, and the required phase margin. The main result provided is construction of empirical charts used to convert time-domain performance specifications (maximum overshoot and settling time) into frequency domain performance measure (phase margin). The method is applicable for systematic shaping of the closed-loop response of the plant. The new approach has been verified on a set of benchmark examples and on a real plant as well.
INTRODUCTION
Tuning methods are typically two-stage procedures consisting of identification of certain characteristic data of the plant with unknown mathematical model, followed by controller design. Controller tuning rules that directly include identified plant data have been developed experimentally by technological process specialists (Veselý, 2003) . The widespread use of their modern versions is due to their simple implementation and possibility to directly integrate performance specifications into controller design algorithms. Although there are about 408 various sources of PID controller tuning methods (Åström and Hägglund, 2000) , 30% of implemented controllers permanently operate in manual mode, and 25% of them use factory-tuning without any up-date with respect to the specific plant. Hence, there is natural need for effective PID controller design algorithms that enable not only modifying the controlled variable but also achieving specified performance , .
Main advantage of the proposed PID tuning method is a fast design procedure for performance specified in terms of maximum overshoot η max and settling time t s , with no need for exact mathematical model of the plant. Identification of characteristic data of the black-box type plant is carried out using sinusoidal excitation signal. The sine-wave engineering method enables to achieve
• η max ∈〈0%, 90%〉 and t s ∈〈6,5/ω c , 45/ω c 〉 for plants with no integration behaviour, • η max ∈〈9.5%, 90%〉 and t s ∈〈11,5/ω c , 45/ω c 〉 for integrating plants (ω c denotes critical frequency of the plant).
The paper is organized as follows: sine-wave identification technique is presented in Section 2, Section 3 describes the derived PID controller tuning rules based on guaranteed phase margin at a suitably chosen excitation frequency; achieved closed-loop performance is discussed in Section 4. The proposed method has been verified via simulation on benchmark examples, and on a real plant -a DC motor; the results are in Sections 5 and 6, respectively.
PLANT IDENTIFICATION BY A SINUSOIDAL EXCITATION INPUT
A setup for the proposed sine-wave method is in Fig.1 , where G(s) is the transfer function of the plant with unknown mathematical model, and SW is a switch. When the switch SW is in position "2", a sinusoidal excitation signal with magnitude U n and frequency ω n (Fig.2a) is injected into the plant G(s), i.e.
( )
The plant output y(t) is also sinusoidal with the same frequency ω n , magnitude Y n and is the phase lag ϕ with respect to the excitation signal u(t) (Fig. 2b) , i.e.
( )
After reading the values Y n a ϕ from the recorded values of u (t) and y(t), a particular point of the plant frequency characteristics
corresponding to the excitation frequency ω n can be plotted in the complex plane (Fig.2c ). The output sinusoid amplitude Y n is affected by the excitation sinusoid amplitude U n generated by the sine wave generator; it is recommended to choose U n =(3÷7)%u max . Thus, identified plant parameters are represented by a triple
With the SW in position "2", the identification is performed in open-loop, hence this approach is applicable for stable plants only. Excitation frequency ω n is taken from empirically specified interval, and adjusted prior to identification (Bucz and Kozáková, 2012) .
SINE-WAVE METHOD TUNING RULES
Consider the SW in Fig. 1 
where φ M is required phase margin, L(jω) is the open-loop transfer function. Graphical interpretation of (4), (5) is in 
where K is the proportional gain, and T i , T d are integral and derivative time constants, respectively. In the frequencydomain, comparison of the right-hand side of (6)
with the right-hand side of the PID controller in polar form
The PID controller parameters can be obtained from (8) and (9) using the substitution |G R (jω n )|=1/|G(jω n )| resulting from the magnitude condition (4). The complex equation (9) is then solved as a set of two real equations ) (
where (10a) 
Expression for calculating T d is the positive solution of (11)
Hence, PID controller parameters are calculated using the expressions (10a), T i =βT d and (12), where Θ is obtained from the phase condition (5)
Hence, using the designed PID controller, the identified point G of the plant frequency response G(jω) with co-ordinates (3) is moved into the open-loop frequency response point L located on the unit circle M 1 . Hence, the identified point G of the plant frequency response
for which the designed PID controller guarantees the required phase margin φ M . Therefore for the excitation frequency ω n |L(jω n )|=1. Mutual situation of the points G(jω n ) and L(jω n ) is shown in Fig.3 . It is recommended to derive the frequency ω n of the sinusoid from the plant ultimate frequency ω c using the well-known relay experiment (Rotach, 1984) , i.e. by switching SW in Fig.1 into "3". The excitation frequency is adjusted according to the empirical relation (Bucz and Kozáková, 2012) 
How to transform the required maximum overshoot η max and the settling time t s into the couple of frequency-domain March 28-30, 2012 FrPS.12 parameters (ω n ,φ M ) needed for identification and PID controller coefficients tuning is described in the following subsection. 
CLOSED-LOOP PERFORMANCE UNDER THE SINE-WAVE TYPE PID CONTROLLER
Each element in (17) Achieving t s and η max was tested by designing PID controller for a vast set of benchmark examples (Åström and Hägglund, 2000) for excitation frequencies and phase margins expressed by Cartesian product φ Mj ×ω nk of the sets (16) and (17) 
The above Reinisch formulae are useful to express desired closed-loop dynamics in classical analytical design procedures. 
where γ represents the shape factor of the closed-loop step response. In the Reinisch relation for a 2 nd order closed-loop system its value usually ranges from 1 to 4, depending on damping coefficient specifications (Bucz and Kozáková, 2012) . In the proposed sine-wave method, γ changes more considerably within the interval (0.5;16) strongly depending on the phase margin φ M at the given excitation frequency ω n .
To explore settling times of closed-loops with different dynamics it is useful to define a new performance measure, the so-called relative settling time
Substituting for ω n =σω c into (23) we can define the relative settling time τ s =t s ω c as follows
The relative settling time (24) relates the settling time t s with the plant ultimate frequency ω c , whereby the left-hand side of (24) is independent from the excitation frequency ω n . This empirical dependence is plotted in Fig.4b (for non-integrating plants) and Fig.5b (for integrating plants) for different identification levels ω nk , showing that with increasing the desired phase margin φ M , the relative settling time first drops and after achieving its optimal value τ s_opt grows again quadratically.
Empirical dependences in Fig.4 and Fig.5 have been approximated by quadratic regression curves and are called B-parabolas (Bucz and Kozáková, 2012) . B-parabolas are a useful tool to carry out the transformation ℜ:(η max ,t s )→(ω n ,φ M ) that enables to choose appropriate values of phase margin and excitation frequency φ M and ω n , respectively, to guarantee the performance specified in terms of maximum overshoot η max and settling time t s .
Note that pairs of B-parabolas at the same level are always to be used.
The sine-wave type PID controller design procedure 1. Set the PID control into manual mode. Find the critical frequency ω c of the plant using the multipurpose loop in 
Read φ M from
Step 5 on the horizontal axis of the plot in Fig.4a or Fig.5a , and find the corresponding maximum overshoot η max on the parabola η max =f (φ M ,ω n ={0,2;0,35;0,50;0,65;0,95}, k=1...4,6) . Repeat until both required performance measures η max and t s are satisfied.
8. Using the critical frequency ω c (from Step 1) and the chosen excitation level σ (from Step 4), calculate the excitation frequency ω n according to ω n =σω c .
9. Identify the plant using sinusoidal excitation signal with frequency ω n specified in
Step 8 (SW is in position "2"). (25) where t 3-7 is convergence time of the iteration fragment (steps 3…7 of the above procedure). It is evident, that computation time of PID coefficients depends on the plant dynamics.
VERIFICATION OF THE SINE-WAVE METHOD ON BENCHMARK EXAMPLES
Using the sine-wave method let us design ideal PID controllers (6) for the following plants
The control objective is to secure two different performances: 20%,20) for the plant G B .
PID controller design for the plant G A (s)
Critical frequency of the plant identified by the Rotach test is (green Nyquist plot in Fig.9 ). Sine-wave type identification of G B (s) at ω n1 =0,35ω c and ω n2 =0,5ω c is depicted in Fig.11 . Fig.13b (green plot) meets the required specification and was obtained by PID controller with coefficients (K;T i ;T d )=(0.1090;14.2784;3.5696). The sine wave method was applied to control a physical model of a DC permanent magnet motor; controlled variable was the speed, and plant input u(t) was armature voltage generated using the Matlab-Realtime Workshop control system. A speedvoltage generator was used to sense the output variable y(t). The control objective was to guarantee the performance requirements: η max1 =10%, η max2 =25% and τ s =10. 
CONCLUSIONS
Resulting closed-loop step responses depicted in Fig.10 , Fig.13 and Fig. 14 prove that PID controllers were able to guarantee the required performance measure values. The proposed new sine-wave type design method allows successful PID controller tuning. Another important contribution of the paper is construction of empirical plots converting engineering time-domain requirements specified by a process technologist (maximum overshoot and settling time) into frequency domain performance specification (in terms of phase margin and gain crossover frequency). 
